The genetic effective population size (N e ) of a species is an important parameter for understanding evolutionary dynamics because it mediates the relative effects of selection. However, because most N e estimates for unicellular organisms are derived either from taxa with poorly understood species boundaries or from host-restricted pathogens and most unicellular species have prominent phases of clonal propagation potentially subject to strong selective sweeps, the hypothesis that N e is elevated in single-celled organisms remains controversial. Drawing from observations on well-defined species within the genus Paramecium, we report exceptionally high levels of silent-site polymorphism, which appear to be a reflection of large N e .
Introduction
Through its inverse relationship with the power of random genetic drift, the genetic effective size of a population (N e ) plays a central role in evolution by mediating the efficiency of selection. Because the probabilities of fixation of beneficial and deleterious mutations, respectively, scale positively and negatively with N e , species with smaller N e are expected to accumulate more mildly deleterious and fewer beneficial mutations (Ohta 1973 (Ohta , 2002 . Nevertheless, various aspects of demography and linkage ensure that N e will be much smaller than the absolute number of individuals in a population (Frankham 1995; Gillespie 2000; Lynch 2006) , so care must be taken in assuming that numerically abundant species are relatively immune to random genetic drift.
In principle, the long-term N e of a species can be estimated from observations on genetic markers assumed to be neutral, although such measures are actually composite functions of both N e and the substitutional mutation rate per nucleotide site per generation (l). For a population in driftmutation equilibrium, the average number of substitutions between neutral nucleotide sites in randomly sampled alleles is equal to the ratio of the rate of input of variation by mutation (2l) to the rate of loss by gamete sampling (1/2N e ), or p s 5 4N e l in a diploid population. Thus, given an estimate of l, N e can be inferred indirectly from surveys of silent-site polymorphisms in protein-coding genes. Numerous observations of this sort suggest that N e is negatively correlated with organism size over a wide phylogenetic range of species (Lynch and Conery 2003; Lynch 2006) , although the scaling is much less pronounced than that between absolute population size and organism size (Finlay 2002) .
Despite the substantial evidence that free-living unicellular lineages generally harbor much higher levels of silent-site diversity than those of multicellular species and the fact that such estimates are most likely to be downwardly biased in high-N e species (Lynch and Conery 2004; Lynch 2006) , the idea that microbial species have elevated effective population sizes has been questioned (Daubin and Moran 2004; Katz et al. 2006 ). Contributing to the uncer-tainties are several fundamental difficulties with surveys of molecular variation in microbes: the shortage of geographically widespread samples, the absence of objective species boundaries defined by reproductive cohesion, and the tendency for investigators to rely on subjective interpretations of clade structures in assigning species status.
To avoid these problems, we have estimated global levels of nucleotide diversity at silent sites for species in the ciliate genus Paramecium. Paramecium are freeliving, single-celled eukaryotes that can be assigned to species groups with simple laboratory tests for reproductive compatibility, although several of these species are morphologically cryptic (Sonneborn 1975; Coleman 2005) . Paramecium also has intriguing genomic organization, including nuclear duality. The transcriptionally active macronucleus regulates vegetative activity, whereas the transcriptionally silent micronucleus acts as the germ line, leading to a situation analogous to the separation of germ line and somatic-cell genomes in multicellular species. Following sexual reproduction, each daughter cell acquires a new recombinant micronuclear genome by conventional syngamy as well as a secondarily processed macronuclear genome derived via amplification of micronuclear DNA, fragmentation, and elimination of noncoding DNA (Preer 1968) . We show below that all species of Paramecium surveyed harbor very high levels of silent-site diversity and exhibit numerous other molecular features that are likely to be the consequences of high long-term N e .
Materials and Methods Strains
Paramecium aurelia cultures were gifts of Drs. John and Louise Preer (Indiana University, Bloomington, Indiana) and Ewa Pryzsbos (Institute of Systematics and Evolution of Animals, Krakow, Poland, Paramecium biaurelia strains PS, CS, and PW) or ordered from the American Type Culture Center (P. biaurelia strains 185 and 310). These cultures have been held in laboratory culture for several years and were highly inbred, as supported by the homozygosity of all sequenced nuclear genes. Paramecium multimicronucleatum and Paramecium caudatum stocks were recently established lab strains collected from natural populations by S. F. Fokin, and although not necessarily inbred, were analyzed only in the haploid mitochondrial genome. As a definitive determination that strains were assigned to the correct species, mating tests were performed. The geographic origins of all isolates are listed in supplementary table S1, Supplementary Material online.
PCR, Cloning, and Sequencing
Four strains of Paramecium primaurelia, 6 of Paramecium tetraurelia, 6 of P. biaurelia, 25 of P. caudatum, and 8 of P. multimicronucleatum were surveyed for DNA sequence variation. DNA was extracted from P. primaurelia, P. tetraurelia, and P. biaurelia following the DNAzol protocol or Qiagen DNeasy, starting with approximately 0.1 ml of Paramecium culture. DNAzol extractions were followed by phenol/chloroform purification. For DNA extraction from P. caudatum and P. multimicronucleatum, 4-6 cells from each clonal culture were washed in Eau Volvic and incubated overnight with 100 ll of 10% Chelex and 10 ll Proteinase K (10 mg/ml) at 56°C. The mixture was then boiled for 20 min, and the supernatant was used for subsequent PCR reactions.
Gene fragments were amplified using the standard PCR technique and primers designed from sequences deposited at National Center for Biotechnology Information or in the Paramecium Genome Survey (http://paramecium. cgm.cnrs-gif.fr). PCR products from P. primaurelia, P. biaurelia, and P. tetraurelia for tRNA synthetase for phenylalanine (Phe tRNA synthetase), cytochrome oxidase subunit 1(cox1), cytochrome B (cytb) and NADH subunit 1 (nadh 1) were directly sequenced from both directions when possible using the PCR primers. PCR fragments that could not be sequenced directly and all kin241 and dihydrofolate reductase-thymidylate synthase (dhfr-ts) PCR fragments were subcloned into the pGEM T-easy Vector (Promega Corporation, Madison, WI) and sequenced from both directions using vector primers. All sequences for P. caudatum and P. multimicronucleatum were subcloned into a TOPO cloning vector (Invitrogen Corporation, Carlsbad, CA). None of these analyses yielded evidence of allelic variation or of cross-amplification of duplicated genes.
Sequence Analysis
Sequences were verified using the forward and reverse sequences and aligned using ClustalX 1.8 (Jeanmougin et al. 1998 ). The Kumar method in MEGA 3.0 (Kumar et al. 2004 ) was used to calculate levels of silent-site diver-gence among alleles, and the estimates of species-wide p s were calculated as the average pairwise synonymous divergences, multiplied by n/(n À 1), where n is the sample size, to correct for small-sample size bias. Total nuclear and mitochondrial averages reported are weighted by the number of basepairs sequenced for each gene. Phylogenetic trees created in MEGA 3.0 (Neighbor-Joining) and PHYLIP (maximum likelihood; Felsenstein 2004) were tested by bootstrapping the data 1,000 times. Because the mitochondrial genome is inherited as a single unit, the gene genealogies for these genes were evaluated with single concatenated sequences.
K a and K s estimated in MEGA 3.0 following the Kumar method were used to calculate Tajima's D in Microsoft Excel following the original equations (Tajima 1989a (Tajima , 1989b and the method of Hughes (2005) , with statistical significance being evaluated according to Tajima's (1989a Tajima's ( , 1989b confidence intervals. K a /K s ratios were calculated at the within-species and the net between-species levels using MEGA 3.0.
Results and Discussion
Average levels of nucleotide diversity at silent sites in the nuclear genes of the 3 members of the P. aurelia complex are in the range of 0.093-0.203, with 4 of the 9 locusspecific estimates falling in the range of 0.155-0.488 (table 1) . These estimates exceed the average from a broad survey of 26 other genera of unicellular eukaryotes (mostly pathogens), 0.051 (standard error [SE] 5 0.014), and are well above the averages for vertebrates, invertebrates, and land plants (0.004, 0.026, and 0.015, respectively) (Lynch 2006) . Average levels of silent-site diversity for mitochondrial genes for these species are lower but still quite high, falling in the range of 0.020-0.078 (table 1) , whereas those for P. caudatum and P. multimicronucleatum-0.099 (0.024) and 0.308 (0.010), respectively-are more substantial. All of the estimates for mitochondrial genes exceed the 5 other available estimates for unicellular eukaryotes (again mostly pathogens), the average of which is 0.011 (0.004) ).
Our results are dramatically different from those recently reported for another ciliate, Tetrahymena thermophila, which indicate an average silent-site diversity of just 0.003 (Katz et al. 2006 ). However, the latter measure of p s appears to be quite exceptional as it is substantially smaller than any other estimate for a unicellular eukaryote (5% of the average unicellular-eukaryote estimate even when genetically depauperate parasites are included) and just 10% of the average estimate for invertebrates (Lynch 2006) . The reasons for this disparity are unclear, although the Tetrahymena survey was based on a small, geographically restricted sample. Although there is variation in estimates of p s among loci within Paramecium lineages (e.g., 1 nuclear locus within P. biaurelia exhibited no variation), such heterogeneity is not unexpected with the low amount of allelic sampling in this study. Substantial sampling error can arise at the level of nucleotides, individuals, and populations even under an entirely neutral situation (Lynch and Crease 1990) , and episodes of selection on specific genes can cause reduced levels of neutral variation in chromosomally linked regions.
The consistently high average estimates of p s across 5 Paramecium species supports the idea that members of this genus have exceptionally high N e and/or l. Additionally, phylogenetic observations are consistent with the hypoth-esis that these high estimates of p s reflect large N e . Gene genealogies of the P. aurelia species do not form mutually exclusive clades ( fig. 1) . Because the coalescence time of a gene genealogy is ;4N e generations (Hudson 1990) , the retention of shared polymorphisms from the common ancestor of these 3 species is an expected reflection of historically large long-term effective population sizes. Although there is some possibility of introgression of genes between P. primaurelia and P. tetraurelia, mating tests between the strains involved in our analyses and in extensive earlier work (Sonneborn 1975; Coleman 2005 ) indicate a strong barrier to interspecies gene flow. In any event, should gene flow be occurring between the various named species, this would only reinforce the idea that the base of genetic diversity available to true biological species in the genus Paramecium is exceptionally high.
Are these high levels of silent-site variation experimental artifacts or consequences of sampling error? In principle, a false pattern of deep ancestral polymorphism could arise if paralogous members of duplicate genes had been amplified in different strains. To determine the copy number of our nuclear genes in the P. tetraurelia genome, we used the strain 51 (P. tetraurelia) sequences to perform FIG. 1.-Gene genealogies obtained by the Neighbor-Joining method, using distances derived from the Kimura 2-parameter model for all sites (synonymous and nonsynonymous). Maximum-likelihood trees have the same topology and are not shown. Strains within Paramecium primaurelia, Paramecium biaurelia, and Paramecium tetraurelia are coded as circles, triangles, and squares, respectively. Strains were rooted with outgroups as follows: kin241 and dhfr-ts with Plasmodium falciparum, Phe tRNA synthetase with Arabidopsis thaliana, and concatenated mitochondrial sequences with Tetrahymena pyriformis. The scale shows the number of basepair changes per site. Bootstrap-support levels (in %) are denoted above major nodes and clades containing strains from more than 1 species. a BLAT (Kent et al. 2002) search against the Paramecium Genome Sequencing Project results (available on the Genoscope Web site, http://paramecium.cgm.cnrs-gif.fr. db/index). For both kin241 and dhfr-ts, this search returned single hits, consistent with the hypothesis that these genes are present in single copies in the P. tetraurelia genome, in accordance with previous observations (Schlichtherle et al. 1996; Krzywicka et al. 2001 ). However, a BLAT search with strain-51 Phe tRNA synthetase identified 2 paralogs in the P. tetraurelia genome-one on Scaffold 2 and the other on Scaffold 129 as annotated by Genoscope. A gene genealogy including all of our P. aurelia strains and the 2 Phe tRNA synthetase paralogs identified from the Paramecium Genome Sequencing Project indicates that strains 515 (P. primaurelia) and 29 (P. tetraurelia) cluster most closely with the paralog located on Scaffold 2, whereas all other strains cluster with the paralog located on Scaffold 129 (supplementary fig. S1 , Supplementary Material online). For this reason, sequences of strains 515 and 29 were not used for any analysis of Phe tRNA synthetase.
However, without sequenced micronuclear and macronuclear genomes for all 3 species, we cannot definitively rule out the presence of macronuclear paralogs for any of the nuclear genes. In the extreme case, epigenetic modifications might result in the transmission of different micronuclear paralogs to the macronuclei of different strains within a species (Epstein and Forney 1984) , which could artificially elevate estimates of silent-site polymorphism, but there is no evidence that this is the case in this study, and such an explanation cannot apply to the mitochondrial genome.
In addition, it appears unlikely that the nonreciprocally monophyletic phylogenies of P. primaurelia and P. tetraurelia reflect unusual pressures of balancing selection within these species. For example, 85% of the Tajima's D estimates are consistent with the hypothesis that the surveyed variation is neutral (table 3) . The only Tajima's D that is significantly positive for a nuclear gene and, therefore, potentially consistent with balancing selection is that for dhfrts in P. primaurelia when evaluated for nonsynonymous sites alone. The only other circumstantial evidence of balancing selection based on Tajima's D derives from the mitochondrial cytochrome oxidase gene. Cox1 silent sites in P. primaurelia and replacement sites in P. multimicronucleatum have significant positive Tajima's D. However, because of the haploid nature of the mitochondrion, balancing selection via heterozygote superiority is not possible for its genes.
Further evidence against the hypothesis that balancing selection is responsible for maintaining the same polymorphisms across P. primaurelia and P. tetraurelia derives from the observation that between-species K a /K s is generally smaller than that within populations (table 2) . Under balancing selection, within-population K a /K s is expected to be relatively low with old alleles (high K s ) maintaining relatively stable amino acid sequences. Although genewide analyses of K a /K s provide only a weak test for balancing selection if the latter is largely associated with a restricted domain of a protein, sliding-window analyses that we performed revealed no regions of unusually high replacementsite variation. Thus, taken together, neither estimates of Tajima's D nor K a /K s support the idea that balancing selection is encouraging the maintenance of molecular variation in Paramecium species. Moreover, the conditions necessary for the maintenance of large numbers of alleles by balancing selection are known to be very stringent (Lewontin et al. 1978) .
Because the expected value of p s is a function of both N e and l, one might argue that the unusually high estimates of p s for Paramecium species is a consequence of an elevated mutation rate. However, although there is considerable need for more refined estimates, all existing information suggests that the per-generation mutation rate is substantially lower in unicellular than multicellular species. The average estimate of l for substitution changes is ;0.5 3 10 À9 for 8 prokaryotes, ;1.6 3 10 À9 for 4 unicellular eukaryotes, ;9.5 3 10 À9 for the nematode Caenorhabditis elegans, and ;23.2 3 10 À9 for human (Lynch 2006) . Assuming l ' 10 À9 for Paramecium, our results suggest N e in the range of 2.5 3 10 7 to 7.5 3 10 7 for nuclear genes. Similar analyses for invertebrates, vertebrates, annual plants, and trees yield average N e estimates of 10 6 , 10 4 , 10 6 , and 10 4 , respectively (Lynch 2006) .
A recent survey suggests that nuclear and mitochondrial mutation rates are approximately equal in unicellular eukaryotes ). This issue can be evaluated with the members of the P. aurelia complex from estimates of the net interspecific divergences at silent sites (in excess of the variation within species). Under the assumption that these sites are neutral, the ratio of divergences for mitochondrial and nuclear genes provides an estimate of the ratio of the mutation rates. In accordance with previous results, this ratio (1.40, SE 5 0.54) is not significantly different from one, providing further evidence that Paramecium is not unusual with respect to mutational features. Division of the ratio of within-population silent-site diversities for mitochondrial and nuclear genes by the ratio of mutation rates yields an estimate of the ratio of the effective number of genes per population per locus in the 2 genomes ), 0.28 for P. primaurelia, 0.15 for P. biaurelia, and 0.37 for P. tetraurelia. (The effective number of genes per locus is equivalent to the effective population size for a haploid genome and roughly twice that for a diploid genome in an outcrossing species). These values, which are not significantly different from the average estimate available for other unicellular eukaryotes, 0.52 (0.19) ), indicate that the power of random genetic drift in the mitochondrial genome of Paramecium is approximately 3-6 times greater than that for nuclear genes.
Because silent-site variation in species with very large N e may be somewhat depressed below the neutral expectation by translation-associated selection (codon bias) or by selection on features that influence transcript processing, our estimates of 4N e l may be somewhat downwardly biased. Thus, our results corroborate the hypothesis that unicellular eukaryotes have effective population sizes 2-4 orders of magnitude greater than those found in multicellular species. This magnitude of difference is quantitatively sufficient to have a substantial influence on the evolution of genomic architecture, encouraging the hypothesis that the considerable divergence in genome organization and gene structure that exist between multicellular and unicellular eukaryotes is largely a consequence of differences in N e rather than of differences in cellular or physiological limitations (Lynch and Conery 2003; Lynch 2006) . It is therefore notable that P. tetraurelia has the smallest recorded average intron size of any eukaryote, just 25 bp, as well as an extraordinarily low amount of intergenic DNA, just 2.1 kb/ gene in macronuclear chromosomes (Zagulski et al. 2004) .
Supplementary Material
Supplementary table S1 and figure S1 are available at Molecular Biology and Evolution online (http:// www.mbe.oxfordjournals.org/).
